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Abstract

The sensitivities to surface friction and the Coriolis parameter in tropical

cyclogenesis are studied using an axisymmetric version of the Goddard cloud ensemble

model. Our experiments demonstrate that tropical cyclogenesis can still occur without

surface friction. However, the resulting tropical cyclone has very unrealistic structure.

Surface friction plays an important role of giving the tropical cyclones their observed

smaller size and diminished intensity. Sensitivity of the cyclogenesis process to surface

friction, in terms of kinetic energy growth, has different signs in different phases of the

tropical cyclone. Contrary to the notion of Ekman pumping efficiency, which implies a

preference for the highest Coriolis parameter in the growth rate if all other parameters are

unchanged, our experiments show no such preference.
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3. Introduction

Conditional instability of the second kind (CISK) (Ooyama 1964 and Charney and

Eliassen 1964; hereafter CE), had till not long ago been a popular concept in interpreting

tropical cyclogenesis. Its variant, the frictional wave-CISK, has been a contender in the

recent years in interpreting the Madden-Julian oscillation (e.g., Wang 1988, Xie and

Kubokawa 1990.) Recently these ideas have come under criticism. Foremost among the

critics are Emanuel, Neelin, and Bretherton (1994). They pointed out that in CISK the

external view of the convective heating is implied; that is convective heating is specified

without the quasi-equilibrium consideration. Among the other critics, Craig and Gray

(1996) demonstrated in a numerical model of tropical cyclone (TC) that CISK does not

work as well as another contending theory, the wind-induced surface heat exchange

(WISHE, Emanuel et al. 1994) theory, in the sense that the intensification rate was found

to be relatively insensitive to the frictional drag coefficient. This paper does not intend to

assess the recent developments related to CISK. Instead, it focuses on two other aspects

of CISK.

The CISK theory has two prominent features. One is the important role assigned to

surface friction. In the CISK theory the low-level convergence is induced by surface

friction, implying that surface friction is necessary for TC. Also according to the CISK

theory (Charney and Eliassen 1964), surface friction plays a dual role in the sense that

besides its damping role it, through the frictionally induced low-level convergence, also

brings in moisture and thus plays an energy enhancing role. The other prominent feature

is the idea of Ekman pumping (which is another name for the frictionally-induced low-
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level convergence)efficiency (Charney1971, 1973),which yields a TC growth rate

proportionalto the Coriolis force. In this paperthesetwo featureswill beexaminedby

focusing on the sensitivities of TC to surfacefrictional coefficient and the Coriolis

parameterusinganaxisymmetriccloud-resolvingmodel.

2. Experimental setup

The model used is an axisymmetric version of the latest version of the Goddard

cloud ensemble model (Tao et al. 2002). An earlier version of this model was

documented in Tao and Simpson (1993). The model variables include 3d velocity,

potential temperature, perturbation pressure, turbulent kinetic energy and mixing ratios of

all three water phases. An important feature of this type of models is that, since

individual clouds are resolved, no cumulus parameterization is used. Therefore, unlike

the meso-scale models, the success of this model does not depend on cumulus

parameterization. However, the realism of the model still depends on the quality of the

microphysics and turbulence parameterizations. Also the limitations of the 2-d structure,

such as the lack of interaction between (azimuthal) mean flow and eddies, should be

acknowledged. The model has 33 stretched vertical grids, which vary from 30 m near the

bottom to 1140 m near the top. The vertical domain is about 21 kin. The horizontal

domain covers a radius of 924 km (770 grids) with a grid size of 1.25 kin. The time step

is 10 seconds. An open lateral boundary condition is used. The sea surface temperature

is specified at 29°C. Unless specified otherwise, the Coriolis parameter is set at its value

at 15°N. The surface fluxes are computed by the bulk scheme developed by Liu et al.
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(1979). The Newtonian cooling is used with a time scale of 12 hours. The reference

vertical temperature profile used in the Newtonian cooling is that of Jordan (1958). The

Newtonian cooling models not only the effect of radiative processes (which would

require the use of radiative equilibrium temperature profile as the reference profile

toward which the temperature profile is relaxed to) but also the effect of processes with

scale larger than that of TC. Our experiments showed that if the Newtonian cooling is

replaced by the radiation package that exists in the original 2D model (short wave

parameterization developed by Chou and Suarez (1999) and long wave parameterization

developed by Chou et al. 1995), Chou and Kouvaris (1991), Chou et al. (1999) and

Kratz eT al. (1998)) that simulates radiative processes only (see Tao et al. 2002 for

description, the simulated TC is slightly stronger. Other authors have also obtained

reasonable simulation of TC with full radiation package (e. g., Craig 1996). However,

the use of full radiation package doubles the use of computer time for the model, we thus

decided to proceed with the TC simulation with the Newtonian cooling.

The initial condition has a temperature uniform in the radial direction and its

vertical profile is that of Jordan (1958). The initial winds are a weak vortex in the

tangential winds superimposed on a resting atmosphere. That is:

v = max(0.,v_), v, = ( vm_ ) r exp(1.-
rma_)

r )(1._ z)

rmax Z T

where Vrnax= 10 m/s, rmax=105 kin, and ZT=16 km. The initial sea level pressure is set at

1002 hPs everywhere. Since there is no surface pressure perturbation, the initial

condition is not in gradient balance. This initial condition (along with the other model
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settings) is enough to lead to cyclogenesis, but the initial stage (say, the first 24 hrs) is not

considered to resemble anything observed. An initial condition that is in gradient wind

balance would have a surge of upward motion at the center due to the Ekman pumping at

the start of the integration (as surface friction reduces the Coriolis force, the difference

between the pressure gradient force and the sum of the Coriolis force and the centrefugal

force pushes the air in the boundary layer toward the center), which does not resemble

anything observed either. A more satisfactory initial condition should have a balance

among pressure gradient force, the Coriolis force, the centrifugal force, and surface

friction; but that is more difficult to specify. Our initial condition avoids the initial

artificial upward motion associated with the balanced gradient wind initial condition; thus

the possibility of genesis being set off by the initial condition is avoided.

The control experiment reaches quasi-equilibrium after about 10 days with an

eye-wall extending from 15 to 35 km radius. Fig. 1 shows the results averaged over the

24-hour period ending day 15 hr o, which are reasonable in comparison with the

observations. The maximum tangential wind of more than 65 m/s is located at about 20

km radius at the top of the boundary layer. The minimum sea level pressure is about 955

hPa. The maximum precipitation rate reaches more than 110 mm/hr. The warm core

temperature perturbation reaches more than 12°C. Thus the overall simulation is deemed

successful and the model is considered adequate for our experiments. None of our

experiments has shown eye-wall replacement.

3. Sensitivity experiments



SensitiviO, to surface friction

Three experiments identical to the control but with zero, half and double surface

drag coefficient were done. The experiment without surface friction has also obtained the

cyclogenesis process. Thus, surface friction is not a necessary condition for cyclogenesis

or for the mature TC. However, without surface friction the TC has a very unrealistic

structure. Fig. 2 shows the results averaged over the 24-hour period ending at day 15 hr

0. The eye-wall in this case is quite far (about 70 kin) from the center. The maximum

tangential wind reaches 50 m/s at around 70km from the center. This maximum wind

speed is weaker than that in the control experiment. However, since it occurs at a larger

radius, it provides more kinetic energy. Unlike the control experiment, the maximum

tangential wind is not very close to the surface. The converging flow toward the eye-wall

obviously can exist without the presence of surface friction. However this converging

flow is not confined in the low-levels. This experiment supports one of the central ideas

of CISK that the low-level convergence in the tropical cyclone is induced by surface

friction. In other words, surface friction is necessary for the existence of low-level

convergence. Moreover, surface friction is important in giving the TC its observed

smaller size and weaker intensity. The sensitivity of the low-level convergence to surface

friction will be examined shortly. Without surface friction to reduce surface wind speed

the converging air cannot reach very close to the center, resulting in an eye-wall with a

large radius. This is due to the fact that the converging low-level air, in the absence of

surface friction, gains high enough tangential wind at large radius to yield high outward

centrifugal force and Coriolis force to prevent air from getting close to the center (i. e., to

counter the pressure gradient force.)



In the experiments with double and half surface friction coefficients the results

show that higher surface friction renders a smaller and weaker TC but with earlier and

more intense cyclogenesis process in terms of minimal sea level pressure (Fig. 3). Since

the sea level pressure drop at the TC center depends on the cancellation between the

upper-level divergence and the low-level convergence and, as will be soon shown, higher

surface friction leads to higher low-level convergence and the more intense cyclogenesis

process helps evacuate air from the TC center leading to a more rapid sea level pressure

drop. Similar to what was obtained by Craig and Gray (1996) using a modified Rotunno

and Emanuel (1987) model, the growth rate of the tropical cyclogenesis processes is not

very sensitive to the surface friction if the minimum sea level pressure is used as a

:measure. Fig. 3a shows that the minimum sea level pressure drops at about the same rate

for all the cases. However, if the growth rate is measured in terms of total kinetic energy

in the model domain, there is sensitivity to the surface friction. Fig. 3b shows that the

growth rate of total kinetic energy, divided by the horizontal area of the model, is higher

when surface friction is smaller. Specifically, all three (control, half and double)

experiments reach about the same amount kinetic energy at hr 120 and the onset time is

latest for the lowest surface friction case.

Thus far we have shown that surface friction is important for low-level

convergence and for a realistic simulation of TC. To further study the role of surface

friction in TC, we need more experiments. In another series of experiments the results of

the control run at hrs 48, 96 and 240 (the incipient, growing, and mature phases) are used

as the initial conditions for integrations of one day duration with half and double surface

drag coefficient. Fig. 4.a shows the minimum sea level pressure of these experiments. It



reveals that in the 24 hour period starting from hr 48 (the incipient stage) doubling

surface friction leads to a more rapid decrease of the minimum sea level pressure. Fig.

5.a shows the 24 hr averaged boundary layer (bottom 1 kin) mass convergence for the

control, half and double surface friction cases as functions of radius for these

experiments. Apparently, higher surface drag increases the low-level convergence in all

phases of the TC development. The increase in the low-level convergence is

accompanied by an increase in the precipitation rate (Fig. 5.b). In the 24 hour period

starting hr 48 increasing surface friction leads to a faster minimum sea level pressure

drop and a faster growth of total kinetic energy (Fig. 4.b). In the 24 hour periods stm'ting

from hr 96 (in the rapid intensification period) and hr 240 (in the mature stage) increasing

surface drag also leads to an increase in low-level convergence but a slower drop of the

central sea level pressure. The low-level convergence increase is the result of the

reduction of the azimuthal wind and thus the reduction of the radially outward Coriolis

force and centrifugal force to oppose the pressure gradient force. In the same periods

increasing surface drag has decreased the total kinetic energy.

These experiments reveal that the response of the cyclone to surface drag

changes, in terms of minimum sea level pressure and total kinetic energy, varies

according to the developmental stage of the cyclone; but the response in the low-level

convergence does not vary. Thus the Ekman pumping concept, which states that low-

level convergence is related to surface friction and which implies that low-level

convergence increases when the drag coefficient is increased, appears to be valid.

However, increased Ekman pumping yields faster TC growth only in the incipient phase.

This is consistent with the finding that higher surface friction leads to earlier onset of the



genesisprocess(Fig. 3.a). Althoughhighersurfacefriction can leadto earlieronsetin

terms of sealevel pressure,it leadsto higherareaaveragedkinetic energyonly in the

short early hours (Fig. 3.b). Therefore surface friction doesplay a dual role (the

traditional energydampingrole andthe role of inducing moistureconvergencein the

boundary layer which supply latent energy to the core). However, with the minor

exceptionin the early hoursthe net effect of highersurfacefriction is still to remove

moreMneticenergyfrom thesystem.

Sensitivio' to the CorioIis parameter

Fig. 6 shows the minimum sea level pressure as a function of time for

experiments with various values of the Coriolis parameter corresponding to various

latitudes (while keeping everything else the same.) It shows that all experiments reach a

minimal sea level pressure of about 930 hPa, but the onset is earlier for lower Coriolis

parameter. The peak growth rate tends to become smaller with increasing Coriolis

parameter. However, the minimum sea level pressure is not necessarily the only measure

of the TC intensity. Fig. 7 shows the total kinetic energy, divided by the area of the

model horizontal domain, of these experiments. It also shows that higher Coriolis

parameter gives later onset. The maximum total kinetic energy that is attained depends

on the Coriolis parameter. For values of the Coriolis parameter that corresponds to

latitudes lower than 30N, the higher the Coriolis parameter the larger the maximum

kinetic energy. For other values of the Coriolis parameter the maximum total kinetic

energy does not very much depend on the Coriolis parameter. The maximum growth rate

in terms of total kinetic energy increase appears to occur for the case of Coriolis
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parametercorrespondingto that of 35N. This figure also showsthat the ratesof total

kinetic energygrowth during theperiodof fastestgrowtharenot very differentbetween

35° and60° of latitude. At 90° theTC takeslongerto reachits maximumtotal kinetic

energythan at the latitudes between35 and 60. Fig. 8 showsthe precipitation rate

averagedoverday 10to day 15for variousf values(their correspondinglatitudes). The

most optimal latitudefor precipitationappearsto be 20N in termsof total precipitation,

eye-wall size and intensity. Below 30N the radius of the eye-wall increasesas the

latitudeis raised(in computing f): whereasabove30N thereis no strongdependency.

Theseresultsdonot supporttheEkmanpumping efficiency ideaof Cha1"ney(1973) in

interpretingthe TC growth, which yields an optimal latitude at the poles in terms of

growthratefor theseexperiments.TheCoriolis parameterhastwo effectson thetropical

cyclone. First, it providesinertial stability, which suppressconvectionandthereforethe

TC itself. This can be understoodthrough the equivalencebetween f and vertical

stability (Chao and Chen 2001). Second, the Coriolis parameter also generates azimuthal

wind, which enhances the surface wind speed and thus evaporation. These two effects

oppose each other in determining the optimal latitude. The former attracts the TC

towards the equator and the latter towards the higher latitudes (i.e. the poles).

4. Summary

In summary, in this work we have examined the sensitivities of tropical cyclones

in an axisymmetic cloud-resolving model to surface friction and the Coriolis parameter.

Although the tropical cyclogenesis process can occur without surface friction, the
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developedTC is veryunrealistic.Withoutsurfacefriction theradiusof theeye-wall is as

largeas70km andthemaximumprecipitationrate is morethanoneorderof magnitude

less. Thetotal kinetic energyis muchgreaterbut theminimumsurfacepressureis much

higher. Also the strongestinflow is not at the low-levels. Surfacefriction givestheTC

theobservedsmallersize,andlower intensity. It alsoconfinestheinflow in theboundary

layer. Further experimentswith varying surfacefriction coefficients reveal that with

highersurfacefriction coefficientcyclogenesisoccurssoonerandfasterbut it terminates

sooneralso,giving a weakerTC. In all phasesof thecyclogenesisprocesshighersurface

friction giving higherboundarylayerconvergence.Howevertheresponsesin minimum

sealevel pressureand total kinetic energyaredifferent in different phases.In the very

beginningphaseof the cyclogenesis,highersurfacefriction leadsto faster drop of the

minimum sea-levelpressureandan increasein total kinetic energy,just theoppositeto

what happensin the later phases. Our study also showsthat contrary to the Ekman

pumping efficiency ideain the interpretationof TC growth,which prefers the highest

valuefor f, tropicalcyclogenesisprocesshasa differentpreferredvaluefor f, its valueat

35N if measuredin termsof fastestrateof dropof theminimumsealevelpressureandin

terms of fastestgrowth of total kinetic energythat is attainedduring the cyclogenesis

processes(Figs.6 and7).
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FigureCaption

Figure1. Resultsof thecontrolexperimentaveragedoverthe24hr periodendingat hour

0 of day 15. (a) tangentialwind (m/s), (b) radialwind (m/s), (c) vertical

velocity (10-2 m/s), (d) temperatureminus referencetemperature(°C),

which a function of pressureonly, (e) angularmomentum(m2s-1), (f)

potentialvorticity (10-6m2kg-1 s-l) asfunctionsof heightandradius,(g)

sealevel pressure(hPa) as a function of radius, and (h) precipitation

(mrn/day)asafunctionof radius.

Figure2. SameasFigure1but for theexperimentwithout surfacefriction.

Figure 3. (a) Minimum sealevel pressure(in hPa)asfunctionsof time for control, half,

doubleandno surfacefriction.

(b) sameas(a)but for total kinetic energyperunit area(in 104J/m2.)

Figure 4. (a) Minimum sealevel pressure(in hPa)asfunctionsof time for the control

experimentand for the doubleand half surfacefriction experimentsfor

three24 hourperiodsstartingfrom the control and(b) sameas(a) but for

total kineticenergyperunit area(in 104J/m2.)

Figure 5.a. Mass flux in radial direction in the bottom one kilometer in 109kg/s as

functionsof radialdistancefrom theTC centerfor thecontrolandhalf and

doublesurfacefriction averagedover the 24hour periodstarting(a) hour

48, (b) hour96and(c) hour240.

Figure5.b. SameasFig. 5.abut for precipitationrate(in mm/hr).
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Figure 6.

Figure 7.

Figure E.

Minimum sea level pressure (in hPa) as a function of time for various values of

the Coriolis parameter, labeled by the corresponding latitude

Same as Fig. 6.a but for total kinetic energy per unit area (in 10 4 J/m2.)

Same as Fig. 6 but for precipitation rate (ram/day) averaged between day 10

and day 15.
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